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ABCTRACT   A rapid and sensitive method was developed for simultaneous 
determination of perchlorate (ClO4
–
), thiocyanate (SCN
–
) and iodide (I
–
). They were 
reacted with tris (1,10-phenanthroline) iron (II) chelating cation, [Fe(phen)3]
2+
, to 
produce their ternary complexes, [Fe(phen)2ClO4]
+
, [Fe(phen)2SCN]
+
 and [Fe(phen)2I]
+
 
that were extracted together with nitrobenzene. Five micro-liter of the extract was 
injected directly into an electrospray ionization tandem mass spectrometric instrument. 
Quantifications of ClO4
–
, SCN
–
, and I
–
 were performed by selected reaction monitoring 
of the product ion [Fe(phen)O2]
+
 at m/z 268 that derived from the precursor ion 
[Fe(phen)2ClO4]
+
 at m/z 515, the product ion [Fe(phen)SCN]
+
 at m/z 294 that derived 
from precursor ion [Fe(phen)2SCN]
+
 at m/z 474, the product ion [Fe(phen)I]
+
 at m/z 363 
that derived from precursor ion [Fe(phen)2I]
+
 at m/z 543, respectively. ClO4
–
, SCN
–
, and 
I
–
 could be measured in the range of 0.1 – 10 M with the limit of detection at 0.03 M, 
respectively, using 50 L aliquot of a sample containing three kinds of ions within 10 
min. The SCN
–
 level in gastric fluid of a victim ingested NaCN was 137±23 M, a little 
increased from that of control subjects (n=7), 72±39 M.  
 
Key words  Perchlorate・Thiocyanate・Iodide・Tris (1,10-phenanthroline) iron 
(II)・Tandem mass spectrometry・Elecrospray ionization  
 
Introduction  Perchlorate (ClO4
–
) is an inorganic anion that is used as a component of 
solid rocket fuel, explosives and pyrotechnics. Its oral LD50 was 0.4 g/kg for dog and 1.1 
g/kg for rat, respectively [1]. Thiocyanate (SCN
–
) was previously used to lower the 
blood pressure in hypertension, but its various toxic symptoms including fatal cases 
were reported. The oral LD50 was about 0.5 g/kg for mice, rat guinea pig and rabbit [2]. 
The SCN
–
 level in human serum increased with the intake of a toxic substance, cyanide 
(CN
–
) [3-5]. Both ClO4
–
 and SCN
–
 competitively inhibit the uptake of iodide (I
–
) in the 
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thyroid gland [6-9]. The relative potency of ClO4
–
 to inhibit 
125
I
–
 uptake at the sodium 
iodide symporter was found to be 15 and 30 times that of SCN
–
 and I
–
, respectively [6]. 
Iodine deficiency leads to impaired production of thyroid hormones that are essential for 
pre and postnatal brain development. Various investigations, therefore, have been made 
on the basis of the simultaneous analysis of ClO4
–
, SCN
–
 and I
–
 [7,8]. For the 
determination of these small monoanions, the specificity of mass spectrometry (MS) is 
much better than that of X-ray fluorescence, Raman scattering, spectrophotometry, gas 
chromatography or liquid chromatography
 
since MS can give m/z value of a target ion. 
However, a single MS suffers from a drawback that the masses of ClO4
–
, SCN
–
 and I
–
 at 
m/z of 99, 58 and 127, respectively, belong to the chemical noise region of MS and are 
greatly interfered with by matrix components even though these ions are dissolved in 
buffer solutions
 
[10]. Furthermore, a single MS cannot distinguish 
35
Cl
16
O4
–
 from 
1
H
34
S
16
O4
–
 at m/z = 99 [9] , for example, when accurate masses of these ions were not 
detected.  
   Tandem mass spectrometry (MS-MS) can give more informative and trustworthy 
result than a single MS by selecting the m/z values twice and hence eliminating 
interfering ions twice. In the first MS-MS method reported for ClO4
–
, SCN
–
 and I
–
, 
however, SCN
–
 and I
–
 were selected as not only the precursor ion but also the product 
ion, respectively [7]. This means that the method did not utilize fully the advantage of 
MS-MS analysis. In the second MS-MS method for these anions, ClO4
–
, SCN
–
 and I
–
 
were ion-paired with a dicationic reagent [C17H30N4]
2+
 to facilitate the ionization as well 
as to increase m/z values. The resulted monocationic complexes at m/z 389, 348 and 417 
were the precursor ions for the detection of SCN
–
, ClO4
–
 and I
–
, respectively [8]. Their 
product ions, however, were the same monocation, [C17H29N4]
+
 that derived from the 
dicationic reagent, and hence it could not indicate the target anion. In the third MS-MS 
method for these anions, a chelate complex with Au ion such as Au(SCN)2
–
 at m/z 313 
was selected as the precursor ion, and the product ion could show the target ion, SCN
–
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at m/z 58 [11]. The third MS-MS method, however, has a limitation that a mixed 
complex such as Au(X)(Y)
–
 can be formed when the ionic properties of two 
monoanions X
–
 and Y
–
 are quite similar.  
   To eliminate the drawback in the third MS-MS method, we have searched for other 
chelating agents, and found that tris (1,10-phenanthroline) iron (II) chelating cation, 
[Fe(phen)3]
2+
 is a suitable one. That is, [Fe(phen)3]
2+
 produces [Fe(phen) 2X]
+
 and 
[Fe(phen) 2Y]
+
, independently for monoanions, X
–
 and Y
–
, and hence Y
–
 does not 
interfere with the detection of [Fe(phen) 2X]
+
, when m/z value of Y
–
 is different from X
–
. 
In the present determination of 
35
Cl
16
O4
–
, the isobar 
1
H
34
S
16
O4
–
 did not produce the 
complex [Fe(phen) 2
1
H
34
S
16
O4]
+
, and hence it did not interfere with the detection of 
35
Cl
16
O4
–
. Generally, an MS-MS determination has a higher possibility to eliminate the 
isobaric interference than a single MS, due to the difference of degradation processes in 
MS-MS of polyatomic isobars as shown in the detection of OCN
–
 and N3
–
 [12].    
   ClO4
–
, SCN
–
 and I
–
 have similar ionic properties, and that is one of the reasons why 
ClO4
–
 and SCN
–
 are the inhibitors of I
–
 uptake
 
[6 – 8]. Although these similarities 
interfered with each other in most chemical determinations, they contributed to a 
simultaneous determination of three ions in the present MS-MS determination. 
 
Materials and methods 
 
Materials    
 
HPLC grade methanol, 1/40 M ferroin solution, i.e., tris (1,10-phenanthroline) iron (II) 
sulfate standard solution, 0.1 M KSCN standard solution, KI, NaClO4 and other 
chemicals of analytical grade were obtained from Wako Pure Chemicals, Osaka, Japan. 
Pure water with a specific resistance of 18 

M cm was used (Millipore, Bedford, MA, 
USA). Blank signals at MS-MS detections of SCN
–
 and I
–
 were high although special 
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grade nitrobenzene (99.5% by GC) obtained from Wako Pure Chemicals was used. 
Therefore, the nitrobenzene (NB) was purified with a cartridge SAX (Agilent 
Technologies, Inc. Santa Clara, CA, USA) that had been activated with methanol and 
water. The NB that had passed through the activated cartridge showed a blank signal 
corresponding to the signal of lower than 0.01 M ClO4
–
, SCN
–
 and I
–
, respectively, and 
hence was used in the following assay.  
   The gastric fluid was obtained at autopsy from a victim who ingested NaCN
 
[13]. 
Seven control gastric fluids were obtained at autopsies under permission from two 
victims of traffic accidents, two victims who fell from high places, two house fire 
victims and a stabbing victim, respectively. These samples were stored at – 20 ℃ until 
analysis. 
 
Standard solutions  
   
The 1 M ammonium sulfate (AS) stock solution was prepared by dissolving (NH4) 2SO4 
in water. The 1 M stock solutions of ClO4
–
 and I
–
 were prepared by dissolving KI and 
NaClO4 into water and stored at – 20 ℃, respectively. Ferroin stock solution was 
diluted to 3 mM solution with 20 mM AS each day. The standard solutions of ClO4
–
, 
SCN
–
 and I
–
 were prepared just prior to use by diluting the stock solutions with 20 mM 
AS, respectively. 
 
Assay procedures     
 
To 50 L of sample solution in a tube (Eppendorf AG, Hamburg, Germany), 1 L of 1 
M AS solution and 1 L of 3 mM ferroin solution were added, and 1 L of standard 
solution was added to the solution if necessary. After adding 75 L of NB to the 
solution, they are vortex mixed for 30 s and centrifuged at 1,000 g for 10 s. NB layer 
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was transferred into a tube for auto sampler connected to ESI-MS-MS.   
   
Instruments  
   
ESI-MS-MS was performed using a TSQ 7000 LC-quadrupole mass spectrometer 
(ThermoQuest, Japan) in the positive ion mode. Methanol was flowed as the mobile 
phase at 300 L/min and the capillary temperature was set at 290 ℃. The electrospray 
voltage was set at  4.5 kV, multiplier voltage at 1.3 kV, and collision voltage at 30 V.   
Nitrogen was used as the sheath gas (469 kPa) and also as an auxiliary gas (8 units), and 
argon was used as the collision gas (134 kPa). Five L of the NB layer was 
flow-injected directly into ESI-MS-MS apparatus using an auto sampler. The time 
interval of the injection was 2 min. The quantification in ESI-MS-MS was performed by 
the integration of the peak area of the product ion at m/z 268.0±0.2 derived from the 
precursor ion at m/z 515±0.3 for ClO4

, the product ion at m/z 294.0±0.2 derived from 
the precursor ion at m/z 474±0.3 for SCN, the product ion at m/z 363.0±0.2 derived 
from the precursor ion at m/z 543±0.3 for I using a calibration curve made up with 
spiked matrix samples at different concentrations, respectively. 
    
Results and discussion 
 
Suitable pH, solvent and concentrations of reagents for the extraction of the ternary 
complexes 
 
Ferroin solution was used to produce the ternary complexes throughout this study   
although the solution prepared by mixing 1,10-phenanthroline and iron (II) sulfate at 3 : 
1 molar ratio worked in the same way as the ferroin solution.  
   The relative signal heights produced in 20 mM citrate buffer solution at pH 3.5, 4 – 
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8 and 9 were 68, 100 and 70 % for ClO4
–
, 72, 100 and 56 % for SCN
–
, 90, 100 and 82 % 
for I
–
, respectively, using NB as the extractor. The signal heights for any of the three 
anions, X
–
, (X
–
 = ClO4
–
, SCN
–
 or I
–
) produced in 20 mM solution of either ammonium 
citrate, sodium citrate, ammonium sulfate or ammonium formate were the same but the 
blank signal produced in ammonium sulfate solution was lowest among blank signals of 
these solutions, and hence ammonium sulfate (AS) was selected as the solution for the 
complex formation.   
  NB was selected as the extractor of the complex because the extracts of isoamyl 
alcohol, octanol, methyl isobutyl ketone, and chloroform could show signals less than 
1 % of that of NB.    
   The highest signal was observed at 30 – 300 M ferroin solution when the 
concentration of any of the three anions, X
–
 was 0.1 – 10 M, respectively. The 
concentration of ferroin solution was selected to be 60 M because the signals of blank 
solution at 300 M increased to 1.5 times that of 30 M.    
   Since Fe(phen)2X
+
 was dissolved in a polar organic solvent, NB, some anion may be 
dissolved together with it in NB, but they could not be identified in the present work.  
   The observed amounts of Fe(phen)2X
+
 in NB extracts were maintained more than 
95 % of the starting amounts for 3 h at room temperature under visible light, 
respectively.    
 
MS and MS-MS spectra of ClO4
–
, SCN
–
 and I
–
 
   
   The MS spectrum of ClO4
–
, SCN
–
 and I
–
 at 10 M each was shown in Fig. 1. 
Although the signal height of ClO4
–
 was about one tenth of that of SCN
–
 or I
–
, the blank 
signal of ClO4
–
 was also only one tenth of that of SCN
–
 or I
–
. The MS spectrum of 10 
M ClO4

 solution shown in Fig. 2a consisted of several peaks at m/z 513, 514, 515, 
516, 517, 518, 519, 520 having relative abundance of 6.2, 3.5, 100.0, 25.5, 30.6, 8.6, 0.7, 
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0.2 and that agreed with the peaks having relative abundance of 6.2, 1.8, 100.0, 30.8, 
36.9, 10.4, 1.9, 0.2, respectively, calculated theoretically for Fe(phen)2ClO4
+
, using the 
Isotopic Distribution Calculator of Applied Biosystems Japan. Choosing 
Fe(phen)2ClO4
+
 at m/z 515 as the precursor ion, selected reaction monitoring was 
examined by changing the collision voltage from 10 to 50 V, and the MS-MS spectrum 
at 30 V was shown in Fig. 2b. The main product ion at 10V was Fe(phen)2O2
+
 at m/z 
448, that at 20 V was Fe(phen)2O
+
 at m/z 429 and that at 30V- 50V was Fe(phen)O2
+
 at 
m/z 268, respectively. At 30-50 V, unidentified ions with lower intensities were also 
observed at m/z 250, 240 and 222. Among these product ions, Fe(phen)O2
+
 at 30 V was 
the highest ion and was chosen for the quantification of ClO4

. The product ion 
Fe(phen)2O2
+
 suggests that the bonding between ClO2 and two O atoms in ClO4

 is 
weaker than the chelation of phen to Fe
2+
, and it is also weaker than the chelation of two 
O atoms to Fe
2+
. 
   The MS spectrum of 10 M SCN solution shown in Fig. 3a consisted of several 
peaks at m/z 472, 473, 474, 475, 476, 477, 478 having relative abundance of 5.4, 3.5, 
100.0, 41.9, 12.4, 1.9, 0.6 and that agreed with the peaks having relative abundance of 
6.3, 1.9, 100.0, 32.9, 10.0, 2.0, 0.3, respectively, calculated theoretically for 
Fe(phen)2SCN
+
. Choosing Fe(phen)2SCN
+
 at m/z 474 as the precursor ion, selected 
reaction monitoring was examined by changing the collision voltage from 10 to 50 V 
and MS-MS spectrum at 30V was shown in Fig. 3b. The observable product ions at 10 – 
50 V were Fe(phen)SCN
+
 at m/z 294, Fe(phen)CN
+
 at m/z 262, Fe(phen)HN
+
 at m/z 251 
and Fe(phen)
+
 at m/z 236, respectively, and Fe(phen)SCN
+
 was the main product ion 
from10 to 50 V, and its maximum was observed at 30 V. Therefore, the product ion 
Fe(phen)SCN
+
 at m/z 294 that derived from precursor ion Fe(phen)2SCN
+
 at m/z 474 at 
30 V was chosen for the quantification. The product ion Fe(phen)SCN
+
 suggests that the 
chelation of phen to Fe
2+
 is weaker than the chelation of SCN
–
 to Fe
2+
, and 
Fe(phen)CN
+
  suggests that not S atom but N atom in SCN
–
 chelates to Fe
2+
. 
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   The MS spectrum of 10 M I solution shown in Fig. 4a consisted of several peaks 
at m/z 541, 542, 543, 544, 545, 546 having relative abundance of 4.8, 0.7, 100.0, 29.4, 
4.2, 0.4 as shown in Fig. 4a and that agreed with the peaks having relative abundance of 
6.3, 1.8, 100.0, 30.7, 4.8, 0.5, respectively, calculated theoretically for Fe(phen)2I
+
. 
Choosing Fe(phen)2I
+
 at m/z 543 as the precursor ion, selected reaction monitoring was 
examined by changing the collision voltage from 10 to 50 V and MS-MS spectrum at 
30V was shown in Fig. 4b. Under these conditions, the observable product ions were 
Fe(phen)I
+
 at m/z 363 and Fe(phen)
+
 at m/z 236. Fe(phen)I
+
 was the main product ion 
from 10 to 50 V, and its maximum was observed at 30 V. Therefore, the product ion 
Fe(phen)I
+
 at m/z 363 that derived from precursor ion Fe(phen)2I
+
 at m/z 543 at 30 V 
was chosen for the quantification of I

. 
 
Interferences from cations and anions in aqueous solution 
 
Metal ions such as Ti
4+
, Mn
2+
, Co
2+
, Ni
2+
, Cu
2+
, Zn
2+
, Mo
6+
, Pd
2+
, Cd
2+
, Pt
3+
, Au
3+
 and 
Pb
2+
 at 100 M, respectively, did not interfere with the detection of X– (X– = ClO4
–
, 
SCN
–
 or I
–
) under the present condition. When the amount of ferroin was abundant 
enough to react with three anions completely, anions such as HCO2
–
, H2PO4
–
, CH3CO2
–
, 
HSO4
–
, citrate, tartrate and oxalate did not interfere with the detection of X
–
 under the 
present conditions when they were added to the solution at 1,000 times that of X
–
, 
respectively.  
 
Precision and accuracy 
    
Calibration standard solutions of X
–
 (X
–
 = ClO4
–
, SCN
–
 or I
–
) were prepared by spiking 
stock solutions to 20 mM AS solution at 0, 0.03, 0.1, 1 and 10 M, respectively as 
shown in Fig. 5. Here, blanks were the solutions that were not spiked with X
–
 (i.e., 0 M) 
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but added with the other reagents for the assay. Concentrations determined from the 
peak area (y) were linear to the spiked concentrations (x in 0.1 M) (i.e., y = 80.00 x + 
21.3 with a correlation coefficient of 0.998 for ClO4
–
, and y = 699.85 x + 145.8 with a 
correlation coefficient of 0.996 for SCN
–
, and y = 700.2 x + 152.6 with a correlation 
coefficient of 0.997 for I
–
. Precision and accuracy were assessed by analyses of 20 mA 
AS solution spiked at 0.1, 1 and 10 M, respectively (Table 1). These samples were 
analyzed three times a day, as well as on three different days. The coefficient of 
variation was <13 %, and accuracy was 89 – 116 % for intra-day and inter-day 
variations. The limit of quantification of the present method was therefore 0.1 M in 20 
mM AS solution. The limit of detection (LOD) was 0.03 M based on a concentration 
giving the signal three times the blank signal.   
 
Determination of SCN
– 
 
All the gastric fluid samples were diluted to 100-fold and placed in a centrifugal filter 
unit, Amicon Ultra 3K with molecular weight cut-off (MWCO) of 3,000 (Millipore) and 
centrifuged at 14,000 g for 10 min, respectively. Standard addition method was adopted 
for the quantification of SCN
–
 because matrix components varied greatly in gastric fluid 
samples. 
  The concentrations of SCN
– 
in undiluted gastric fluids were as follows: The values 
varied from 41.7±6.2 to 162±18 M with the mean, 71.6±39.4 M, for the control 
subjects (n=7) and 137±23 M for the CN– victim, respectively. This low SCN– level of 
the CN
–
 victim may be due to a sudden death of the
 
victim resulting in that most of CN
–
 
had not yet been metabolized to SCN
–
 [3]. The highest SCN
– 
level among those of the 
present control subjects was nearly half of the control level, 365±235 M, reported 
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previously [14].  
 
Comparison of the LODs of SCN
–
 in MS-MS methods 
 
The first MS-MS method for monoanion used one component, i.e., a target monoanion 
itself resulted in the LOD of 0.1 M with 24 L injection, i.e., 139 pg for SCN– [7].  
The second MS-MS method used two components, i.e., a target monoanion and an 
ion-paired [C17H30N4]
2+
 resulted in the LOD of 2 pg for SCN
–
 [8]. The third MS-MS 
method used two components, i.e., two target monoanions (SCN
–
) and a chelated Au
+
 
resulted in the LOD of 0.013 M with 5 L injection, i.e., 3.8 pg for SCN– [11]. In the 
present fourth MS-MS method used three components, i.e., a target monoanion, a 
dication Fe
2+
 and neutral component (phen)3 resulted in the LOD of 0.03 M with 5 L 
injection, i.e., 8.7 pg for SCN
–
, respectively.  
 
Conclusion 
 
A new MS-MS approach was introduced to detect small anions with similar 
physiological properties such as ClO4
–
, SCN
–
and I
–
. Not only precursor ions but also the 
product ions contain the respective target anions, and hence they gave the more 
trustworthy result than any other MS-MS method reported so far for these anions. 
Present method can be completed within 10 min for the production and extraction of 
ternary complexes as well as simultaneous MS-MS detection of the three anions 
contained in the same solution. This approach is also applicable to the detection of 
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bromide with positive ion mode and iodate with negative ion mode.   
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Figure captions 
 
Fig. 1 Mass spectrum of nitrobenzene extract from aqueous solution containing ClO4
–
, 
SCN
–
 and I
–
 at 10 M each.  
 
Fig. 2 Mass spectrum of 10 M ClO4
– 
(a), and its product ion spectrum at collision 
voltage of 30 V from the precursor ion [Fe(phen)2ClO4]
+
 at m/z 515 (b).  
 
Fig. 3 Mass spectrum of 10 M SCN– (a), and its product ion spectrum at collision 
voltage of 30 V from the precursor ion [Fe(phen)2SCN]
+
 at m/z 474 (b). 
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Fig. 4 Mass spectrum of 10 M I– (a), and its product ion spectrum at collision voltage 
of 30 V from the precursor ion [Fe(phen)2I]
+
 at m/z 543 (b).  
 
Fig. 5 Product ion monitored at m/z 268 that was extracted from aqueous solution (a), 
from 0.03 M ClO4
–
 solution (b), and from 0.1 M ClO4
–
 solution (c), respectively, 
product ion monitored at m/z 294 that was extracted from aqueous solution (d), from 
0.03 M SCN– solution (e), and from 0.1 M SCN– solution (f), respectively, and 
product ion monitored at m/z 363 that was extracted from aqueous solution (g), from 
0.03 M I– solution (h), and from 0.1 M I– solution (i), respectively. 
 
Table 1  Intraday (three times) and interday (3 days) accuracy/precision for ClO4
–
  
                                                                 
                     Intraday                  Interday 
ClO4
–
 spiked    Accuracy     Precision        Accuracy    Precision   
 
   (M)        (%)          (%)            (%)         (%)      
                                                                 
   0.1        104.9          7.2            88.9        4.1 
   1.0         93.2          4.4            91.1        7.4  
   10.        103.2          6.5           109.0        7.5 
                                                                 
 
Table 2  Intraday (three times) and interday (3 days) accuracy/precision for SCN
–
  
                                                                 
                     Intraday                  Interday 
SCN
–
 spiked    Accuracy     Precision        Accuracy    Precision   
 
   (M)        (%)          (%)            (%)         (%)      
                                                                 
   0.1        105.8         11.3           106.1       12.9 
   1.0        112.0         10.8            94.3        1.9  
   10.        106.3          9.5            95.0        3.9 
                                                                 
 
Table 3  Intraday (three times) and interday (3 days) accuracy/precision for I
–
 
                                                                 
                     Intraday                  Interday 
  I
–
 spiked    Accuracy     Precision        Accuracy    Precision   
 
   (M)        (%)          (%)            (%)         (%)      
                                                                 
   0.1        115.5          3.0            89.7        2.3 
   1.0        102.0         10.8            97.3        4.3  
   10.        110.1          7.1            97.0        3.6 
                                                                 
 





